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During chick limb development the gap junction protein Connexin-43 (Cx43) is expressed in discrete spatially restricted
domains in the apical ectodermal ridge (AER) and mesenchyme of the zone of polarising activity. Antisense oligonucleotides
(ODNs) were used to investigate the role of Connexin-43 (Cx43) in the development of the chick limb bud. We have used
unmodified ODNs in Pluronic F-127 gel, which is liquid at low temperature but sets at room temperature and so remains
situated at the point of application. As a mild surfactant, the gel increases antisense ODN penetration and supplies ODNs
to the embryo continually for 12–18 h. We have shown a strong decrease in Cx43 protein expression after application of
specific antisense oligonucleotides but the abundance of a closely related protein, Connexin-32 (Cx32), was not affected.
Application of antisense Cx43 ODNs at stages 8–15 HH before limb outgrowth resulted in dramatic limb phenotypes. About
40% of treated embryos exhibited defects such as truncation of the limb bud, fragmentation into two or more domains, or
complete splitting of the limb bud into two or three branches. Molecular analysis of antisense treated embryos failed to
detect Shh or Bmp-2 in anterior structures and suggested that extra lobes seen in nicked and split limbs were not a result
of establishment of new signalling centres as found after the application of FGF to the flank. However, examination of
markers for the AER showed a number of abnormalities. In severely truncated specimens we were unable to detect the
expression of either Fgf-4 or Fgf-8. In both nicked and split limbs the expression of these genes was discontinuous.
Down-regulation of Cx43 after the antisense application could be comparable to AER removal and results in distal
truncation of the limb bud. Taken together these data suggest the existence of a feedback loop between the FGFs and
signalling mediated by Cx43. © 1999 Academic PressKey Words: connexin; antisense; chick; limb; embryo; FGF; Shh; BMP.
a
(INTRODUCTION
The ability of cells to communicate with their immediate
neighbours and cells further away is a pivotal requirement
during embryogenesis to ensure coordinated growth and
development. Recently much attention has been focused on
molecules that may act at long range. During vertebrate
embryogenesis, work performed primarily on chick and
Xenopus has implicated Sonic Hedgehog (Shh) (Roelink et
1 Present address: Skirball Institute, Developmental Genetics
Program, 540 First Avenue, New York University Medical Center,
New York, NY 10016.2 To whom correspondence should be addressed. Fax: 0118-931-
180. E-mail: k.patel@reading.ac.uk.
380l., 1995) and members of the bone morphogenetic protein
BMP) (Gurdon et al., 1996) family as mediators of long-
range signalling. Although currently not so fashionable, the
importance of short-range signalling should not be under-
estimated. Short-range signalling is likely to either play a
role in conjunction with long-range signalling to elaborate
the later information or to function on its own. Indeed,
recent work has shown that the mechanisms that initiate
somitogenesis, which involves the regulation and coordina-
tion of cell properties over long distances, rely solely on
short-range signalling (Palmeirim et al., 1997).
Gap junctions are membrane structures that permit di-
rect cell–cell communication and therefore enable short-
range signalling. Gap junctions are constructed from a
family of proteins called connexins, which possess an
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
s
b
a
p
c
r
(
k
t
d
p
r
e
b
O
e
t
i
d
t
t
1
1
f
S
b
n
p
(
t
d
c
1
a
r
t
e
t
C
O
1
e
e
m
i
r
l
p
A
p
e
d
s
a
w
a
s
a
n
d
t
s
e
t
s
s
d
c
c
t
p
t
d
t
n
b
G
381Gap Junction Signalling and Connexin-43intracellular amino- and carboxyl-termini, four membrane
spanning regions, two extracellular loops, and a cytoplas-
mic loop. Connexins form multimeric structures called
connexons or hemichannels, which can join with connex-
ons of other cells to create aqueous intercellular channels
(Beyer et al., 1990). Fourteen connexins, each encoded by
ingle-copy genes (Paul, 1995), have been isolated in verte-
rates (Musil et al., 1990; Wiens et al., 1995; Kumar and
Gilula, 1996). Connexin-43 (Cx43) is the most widely
expressed connexin during vertebrate embryonic develop-
ment. However, it has been shown that at certain stages of
development in many regions of embryo, Cx43 is expressed
in discrete spatially restricted domains (Laird et al., 1992;
Yancey and Revel, 1992; Wiens et al., 1995). For example,
during chick development a gradual restriction to organ
rudiments was found in the brain, eye, kidney, limb bud
ectoderm, gut, somites, and heart (Wiens, 1995). In the limb
buds of both mouse and chick, gap junctions are present
predominantly in the apical ectodermal ridge (AER) (Fallon
and Kelley, 1977; Green et al., 1994; Makarenkova et al.,
1997), a thickening of the ectoderm found at the tip of the
limb which maintains both limb outgrowth and cells in an
undifferentiated state in the progress zone (Summerbell et
l., 1973; Todt and Fallon, 1987). Gap junctions are also
resent to a lesser extent in the limb mesenchyme, colo-
alising with the zone of polarising activity (ZPA), which is
esponsible for anteroposterior patterning of the limb
Wiens et al., 1995; Ruangvoravat and Lo, 1996; Makaren-
ova et al., 1997).
A number of independent approaches have demonstrated
he importance of gap junction mediated communications
uring vertebrate patterning and development. In Xenopus,
erturbation of gap junction communication leads to a
ange of developmental defects (Warner, 1985) and the
xpression of connexins has been shown to be regulated by
oth Wnt family proteins and FGFs (Olson et al., 1991;
lson and Moon, 1992). The role of gap junctions in
mbryonic development has been investigated by gene
argeting (Guerrero et al., 1997) and with blocking antibod-
es (Allen et al., 1990), both of which induced multiple
evelopmental defects. However, the interpretation of
hese results is complicated by the fact that more than one
ype of connexin may be expressed in studied tissue (Beyer
990, 1993; Butterweck et al., 1994; White and Bruzzone,
996) and that the function of deleted connexin may be
ulfilled by other members of the connexin family (De-
ousa et al., 1997). Furthermore the use of blocking anti-
ody may be limited by the possibility that antibody could
eutralise only free unbound protein but not matrix bound
rotein (Itoh et al., 1992).
Recent studies using antisense oligodeoxynucleotides
ODNs) to interfere with gene expression offers an attrac-
ive possibility to investigate the role of gap junction genes
uring embryogenesis (Nieto et al., 1994). Despite being
onceptually simple (see review by Uhlmann and Peyman,
990; Goodchild, 1990, Colman, 1990), the routine use of
ntisense oligonucleotides to study early development is
A
Copyright © 1999 by Academic Press. All rightestricted by agent stability, penetration, and target struc-
ure problems (Lima et al., 1992; Milligan et al., 1993). For
xample, unmodified ODNs, used without any other pro-
ection, have a very short half-life (Wagner et al., 1994).
onversely it was reported that modified phosphorothioate
DNs bind basic fibroblast growth factor (Gulakova et al.,
995), which has been implicated as being important in
arly embryonic development (Han, 1997).
We have used a novel approach to deliver ODNs to
mbryos, which overcomes the problems encountered with
ore traditional methods. We have used unmodified ODNs
n Pluronic F-127 gel, which protects antisense ODNs from
apid degradation (Simons et al., 1992). Pluronic F-127 gel is
iquid at low temperature and quickly sets at room tem-
erature and so remains situated at the point of application.
s a mild surfactant, the gel increases antisense ODNs
enetration (Simons et al., 1992) and supplies ODNs to the
mbryo continually for 12–18 h.
We have used this method to investigate the role of Cx43
uring the development of the chick limb. In this paper we
how a strong decrease in Cx43 protein expression after
pplication of specific antisense oligonucleotides, which
as not found in control samples and did not affect the
bundance of a closely related protein—Cx32. We have
tudied the consequence of decreasing levels of Cx43 using
ntisense ODNs on development of chick limb and found a
umber of perturbations of normal development. A range of
efects such as limb truncations, nicking, and limb split-
ing were reproducibly induced. At the molecular level we
how that the expression of Fgf-4 and Fgf-8 was abnormal in
mbryos treated with antisense Cx43 ODN and suggests
he existence of a feedback loop between and ridge Fgfs and
ignalling mediated by Cx43. These results indicate a
ignificant role for gap junction mediated communication
uring limb development. Alternatively Cx43 mediated
ommunication could maintain AER integrity and me-
hanical strength. We show that even though the introduc-
ion of surgical lesions into the AER produces an early limb
henotype similar to the antisense Cx43 ODN limb pheno-
ype, the molecular profiles of Shh and Fgf-8 expression
iffer considerably. These results suggest that the pheno-
ype displayed by antisense Cx43 ODN treated embryos is
ot likely due to the loss of mechanical strength in the AER
ut probably due to disruption of FGF mediated signalling.
MATERIALS AND METHODS
Antisense Oligodeoxynucleotides
1. Chick 954–983 (M29003): 59GTA GTT ACG ACA GGA GGA
ATT GTT CCT GTC 39.
2. Mouse 874–903 (M61896) or chick 953–983 (M29003) with
four mismatches; mismatches showed with lowercase letters: 59
TA aTT gCG gCA GGA GGA ATT GTT tCT GTC 39.
3. Chick 720–749 (M29003): 59 GGC AAG AGA CAC CAAGA CAC TAC CAG CAT 39.
Antisense oligos were designed so that they were unique for
s of reproduction in any form reserved.
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382 Makarenkova and PatelCx43. The four base mismatches in oligos 2 did not make the oligos
more like any other Connexin sequences due to the changes.
Control Oligodeoxynucleotides
4. Sense 59 GAC AGG AAC AAT TCC TCC TGT CGT AAC
TAC 39;
5. Mixture of antisense (1) plus sense (4);
6. Random 59 TCG AAC TGT CAA GAC TGC TAT GGC GAT
CAT 39;
7. Gel only.
Application of Antisense Oligonucleotides
Fertilised chicken eggs were incubated at 38°C. Embryos were
staged according to Hamburger and Hamilton (1951). Experiments
were carried out on the embryos between stages 8 and 18. The
vitelline membrane was removed from the embryo. A 10-ml drop of
ither Pluronic gel (Sigma UK) or Pluronic gel containing oligonu-
leotides at a concentration of 0.5–1 mM was applied precisely to
he wing or leg region of chick embryo. The egg was resealed and
eturned to the incubator until required. Embryos were screened for
imb bud defects after 46–72 h, although some embryos were
ncubated for 7–8 days and processed for Alcian green staining in
rder to analyse digit skeletal elements.
Antibodies
Polyclonal and monoclonal antibodies were used for immuno-
histochemistry and Western blotting. Anti-peptide polyclonal an-
tibodies to the cytoplasmic loop of Cx43 (amino acids 131–142 of
rat Cx43 sequence) were fully characterised in previous works
(Nadarajah et al., 1997). Monoclonal antibodies to the carboxyl
terminus of Cx43 (Zeymed) were also employed. To check the
specificity of the Cx43 antisense effect we used a monoclonal
antibody to Cx32 (Zeymed), a protein closely related to Cx43.
Immunohistochemistry
Control and treated embryos were fixed for connexin immuno-
cytochemistry with 2% paraformaldehyde in PBS. Embryos were
washed in PBS and frozen in isopentane cooled by liquid nitrogen.
Frozen sections (10 mm) were first placed in medium containing 5%
normal goat serum in PBS to block nonspecific labelling before
incubation with the connexin-specific antibodies (1:100) at 4°C
overnight. After extensive washing, the secondary antibody, goat
anti-rabbit or rabbit anti-mouse conjugated to FITC (Vector; 1:100),
was added. Sections were visualised with a Leica TCS 4D laser-
scanning confocal microscope. Cryostat-cut sections of rapidly
frozen liver and heart tissues were used as positive controls. The
specificity of the staining was further ascertained with peptide
competition assays and by performing experiments in the absence
of primary antibodies. Some embryos were processed for wax
embedding. Sections (5 mm) were dewaxed and stained with poly-
clonal antibodies to Cx43, as described in Green et al. (1994). For
quantification of the effect of antisense treatment, serial sections of
limbs were taken at differing time points after treatment. Labelling
events (number of cells stained in a particular field of view) per
section were counted and were plotted in Fig. 2 with the number of
labelling events on the X axis, with the Y axis representing the
frequency of occurrence of the labelling number.
Copyright © 1999 by Academic Press. All rightWestern Blotting
Embryos were treated at stage 16 and limb regions collected 12 h
later. Eight to ten samples were pooled. Control and treated region
of interest of embryos were removed and lysed in a triple detergent
lysis buffer containing 0.1% SDS, 1% NP-40, 0.5% deoxycholate,
50 mM Tris–HCl, and 50 mM NaCl. All steps were carried out at
4°C, and a cocktail of protease inhibitors (10 mg/ml of leupeptin,
aprotinin and pepstatin, 2 mM sodium orthovanadate, and 1 mM
freshly prepared PMSF) was added at intervals throughout the
extraction procedure. The whole cell lysates were centrifuged at
12,000g for 30 min at 4°C and pellets were resuspended in sample
buffer. Protein concentration was determined by Bradford assay
protein assay (Bio-Rad). Equal quantities of protein from each
sample were loaded onto separate lanes of 10% SDS–
polyacrylamide gel for electrophoresis (Laemmli, 1970) and trans-
ferred to a nitrocellulose membrane. Molecular markers (14.3–200
kDa) (Biolabs) were used as molecular weight standards. Mem-
branes, blocked with 5% dry skimmed milk in Tris–HCl contain-
ing 0.1% Tween 20 (TPBST) for 30 min, were incubated with
connexin-specific antibodies (1:1000–1:2000) overnight at 4°C.
Following incubation with goat anti-rabbit or rabbit anti-mouse
conjugated to HRP (Bio-Rad; 1:2000), antibody binding was visual-
ised using the enhanced chemiluminescence (ECL) system (Pierce).
In some cases, gels containing duplicate samples were cut in half
and stained with Coomassie blue to visualise all the resolved
bands. Control blots were performed with heart and liver tissues
using the same lysis buffer.
Whole-Mount Skeletal Preparation
Embryos were washed in PBS and fixed in 5% trichloracetic acid
(TCA). They were then stained in 0.1% Alcian green in acid alcohol
overnight, destained in acid alcohol overnight, dehydrated, and
cleared in methyl salicylate.
Whole-Mount in Situ Hybridisation
Gene expression was assayed in antisense ODN treated and
control embryos at stages 19–26. Embryos were removed from eggs
and washed once in PBS, fixed overnight in 4% paraformaldehyde
in PBS, and processed according to Nieto et al. (1996).
Fgf-4 (500 bp) and Fgf-8 (800 bp) were a gift from Professor G.
Martin (San Fransico, CA); Shh (1kb) and Lmx-1 (600bp) were a gift
from Dr. J. Dodd (New York), and Bmp-2 (800bp) was a gift from
Professor P. Brickell (London, England).
RESULTS
Experimental Design
The main goal of this study was to determine the roles of
Cx43 mediated gap junction communication during devel-
opment of the chick limb bud.
In a previous study it was shown that limb-forming
ability appeared in prospective limb mesoderm from stage
12 (Hamburger and Hamilton, 1951). Recent studies have
shown the presence of Fgf-10 in the prospective limb
mesoderm and Fgf-8 in the mesonephros at stages 14–15,
and Fgf-8 in limb ectoderm at stage 16 can play a key role in
limb initiation (Crossley et al., 1996; Ohuchi, 1997). At
s of reproduction in any form reserved.
383Gap Junction Signalling and Connexin-43FIG. 1. Expression of Connexins (Cx) in limb bud and neural tube during normal chick development and after the antisense ODN to Cx43
application. (A, B) Frozen sections of prospective limb bud region (A) before the AER formation (Stage 14). Cx43 (blue) was expressed at low
levels only in the mesenchyme (arrows). Cx32 (green) was expressed weakly in both the ectoderm (arrowheads) and the mesenchyme.
Nuclei were counterstained with propidium iodide. (B) After the AER formation (stage 19) Cx43 expression (blue) is greatly increased in the
AER (arrows) and at lower levels in the mesenchyme (arrowheads). Cx32 (green) was expressed in the mesenchyme. Application of antisense
Cx43 ODN (Sequence 1) at stage 15 decreased Cx43 labelling in the limb bud mesenchyme after 12 h (C) compared to limbs treated with
sense Cx43 ODN (Sequence 4) (D). Expression of Cx32 did not differ in limbs after application of either antisense Cx43 ODN (Sequence
1) at stage 15 (E) or sense Cx43 ODN (Sequence 4) (F). Cx43 expression is decreased in neural tube (NT) following application of antisense
Cx43 ODN at stage 8 for 12 h (G), compared to control embryos treated with random control ODN (Sequence 6)(H). Scale bar represents
(A, B) 50 mm, (C–F) 35 mm, (G, H) 60 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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384 Makarenkova and Patelstage 16 a thickening of ectoderm begins to form along the
ventrolateral margin of the forelimb. This structure be-
comes the AER, which reaches a peak of development at
stages 19–22 when the main marker genes of the AER are
expressed. There is a remarkable concentration of Cx43 in
the AER from its early appearance (Green et al., 1994;
akarenkova et al., 1997), whereas gap junctions are rela-
ively rare in the prospective limb ectoderm prior to the
idge formation (Wiens et al., 1995).
Although the half-life of assembled Cx43 plaques is only
.5–3 h (Bruzzone et al., 1996), a pool of synthesised
roteins residing in the endoplasmic reticulum (ER)/Golgi
omplex is present and is not subject to rapid degradation
nd is therefore available for rapid assembly of new gap
unction channels (Laird et al., 1992, 1995). To ensure
lockage of Cx43 translation we applied antisense ODN to
rospective limb regions (wing or leg) at stages 8–15 HH of
hick development, prior to the AER formation and the
ost predominant phase of Cx43 expression. In parallel, we
erformed the same experiments at the late stages 16–18
H, when the AER has already formed and the expression
f Cx43 is established.
Cx43 Expression in Antisense Treated Tissues
To assess the mechanism of action and specificity of
applied Cx43 antisense ODNs we first determined the
distribution of the Cx43 protein and another closely related
protein Cx32 during normal development. In a limb pro-
spective region, before limb outgrowth, Cx43 labelling
presents mostly between mesenchyme cells and is not
abundant in the ectoderm until the AER is formed (Fig. 1A).
During normal limb development at stages 17–24 HH Cx43
was present at high levels in the AER and at lower levels in
limb mesenchyme (Fig. 1B). Cx32 was found at low levels
throughout the ectoderm of limb bud prior to the AER
formation but levels were greatly reduced at this site with
the formation of the AER. Cx32 was found predominantly
in the mesenchyme at later stages (Makarenkova et al.,
1997).
We determined the effect of antisense Cx43 ODNs on the
expression of Cx43 in the limb bud and compared this effect
to the response induced by sense Cx43 ODN, random
control ODN, or Pluronic gel alone. After application, the
drop of gel containing dissolved ODNs remained visible on
the prospective limb bud region for up to 18 h. Application
of antisense ODNs at stage 15 reduced Cx43 antibody
labelling in the prospective limb mesenchyme of treated
embryos compared to specimens treated with sense Cx43
ODN, random control ODNs or Pluronic gel (Figs. 1C and
1D). In regions of reduced Cx43 expression the AER did not
develop. Antisense Cx43 ODN reduced the expression of
Cx43 protein as early as 4 h after application with a
maximum reduction detected 12–18 h after treatment.
However, 30–36 h after application the expression of Cx43
had returned to a normal level. At all time points, levels of
Cx32 (which is coexpressed with Cx43 in the limb mesen-
Copyright © 1999 by Academic Press. All righthyme) were not affected by any of the treatments. (Figs. 1E
nd 1F). Cx43 expression has been also observed in the
eural tube and neural crest (Wiens et al., 1995). In speci-
ens that were treated early during development (stages
–10) and in which the antisense ODNs were applied over
he neural tube, Cx43 labelling was almost eliminated 12 h
fter treatment (Fig. 1G). At the same time points sense,
andom control ODNs, or Pluronic gel treatment did not
ffect Cx43 expression in these tissues (Fig. 1H).
To quantitate the effect of antisense Cx43 ODNs on the
xpression of Cx43 protein we counted labelling events
number of cells stained in a particular field of view)
hrough serial sections and compared these with counts
rom serial sections of limbs treated with random control
DN at various time points after applying the ONDs at
tage 16. Even after 4 h there was a significant difference
20%) in labelling with a Cx43 antibody between samples
reated with antisense ODN (mean 480 SD 61) compared to
andom control ODN (mean 597 SD 36) (Fig. 2). By 12 h the
ifference between antisense samples (mean 814 SD 197)
nd random control treated sample (mean 1168 SD 197) was
ven greater (30%) than at 4 h (Fig. 2b).
We investigated the effect that antisense ODN treatment
ight have on the abundance of Cx43 protein by Western
lot analysis to substantiate the results of the immunohis-
ochemical findings (Fig. 3). Limb regions of stage 16
mbryos were treated with random control ODN (Oligo 6)
lane 1), Pluronic gel alone (lane 2), or Cx43 antisense ODN
Oligo 1) (lane 3) and harvested at various time points.
welve hours after application, the level of Cx43 in limbs
reated with Pluronic gel was comparable to the level found
n limbs treated with random control ODNs. A strong band
orresponding to approximately 45 kDa was detected in
oth samples. However, in limbs treated with antisense
x43 ODN the level of the 45-kDa band was significantly
educed. The down-regulation of Cx43 expression as deter-
ined by Western blot analysis following antisense treat-
ent was not complete and so agreed with the immuno-
istological observation of sparse but significant
esenchymal expression following similar treatment.
Interestingly, our observation that the random control
as a slight but noticeable effect on Cx43 expression
ompared to Pluronic gel alone is in agreement with recent
ndings in which noncomplementary (mismatched or ran-
om) ODNs delay but do not inhibit gene expression
Lisziewicz et al., 1993a, 1993b; Boiziau et al., 1994).
Morphological Study of ODN Treated Limbs
Application of antisense Cx43 ODNs at stages 8–15
before limb outgrowth resulted in dramatic limb pheno-
types. Defects in the limb bud development were first seen
at stages 18–19 when the limb bud appeared to become
flattened or slightly divided (Fig. 4A). By stage 20–21 HH,
embryos treated with antisense Cx43 ODNs had two or
more lobes distally rather than a single paddle. At stages
24–28 HH the affected embryos (40% of all treated em-
s of reproduction in any form reserved.
25-cell intervals) detected in a particular field of view. Y axis
represents frequency.
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Copyright © 1999 by Academic Press. All rightbryos) could be classified in three distinct groups according
to the morphology of treated limb buds. Group (I) embryos
showed arrested limb development at early stages. The size
and shape of truncated limb buds varied among embryos.
An AER was not apparent in these embryos (Fig. 4B). Group
(II) embryos exhibited nicks or lesions at the extremities,
resulting in the formation of two or more domains rather
than a single paddle (Figs. 4C and 4D). Group (III) embryos
had limbs which were split from the distal aspect to the
body wall. In the majority of embryos of this class the limbs
were split in two but some embryos had three splits. These
doubled or tripled “limb buds” were often of unequal size
(Figs. 4E and 4F).
When the embryos were allowed to develop further (up to
7–8 days), the cartilage pattern correlated with defects
found at early stages. We were able to detect two classes of
defects (sometimes present in the same embryo with one
class being apparent in the wing and the other in the leg).
The first class involved distal truncations. The metacarpals
were reduced in length and the phalanges were absent (wing
in Fig. 4H, leg in Fig. 4H, compare to control embryo in Fig.
4G). This phenotype was more prevalent in embryos that
earlier in development had displayed nicked limb buds. In
the second class there was not only truncation but also
deletion of posterior elements. In this class not only were
metacarpals either absent (leg in Fig. 4H) or shortened but
there was also an absence of posterior zeugopod elements
FIG. 3. Cx43 expression analysis by Western blotting. Embryos
were treated at stage 16 and limbs harvested 12 h later. Lane 1,
random control ODN. Lane 2, Pluronic gel. Lane 3, antisense Cx43
ODN (Sequence 1). Expression of protein of approximately 45 kDa
was lower in limbs treated with the antisense ODN than in the
limbs treated with either Pluronic gel or random control ODN.FIG. 2. Quantitative assessment of the effect of antisense Cx43
ODN on expression of Cx43. Antisense Cx43 ODN (Sequence 1)
or random control ODN (Sequence 6) was applied to the prospec-
tive limb region at stage 16. After 4 h (a) the number of Cx43
labelling events in the antisense treated samples (mean 480,
Standard Deviation 61) was over 20% lower than in random
control samples (mean 597, Standard Deviation 36). After 12 h,
(b) the number of Cx43 labelling events in the antisense treated
samples (mean 814, Standard Deviation 197) was over 30% lower
than in random control samples (mean 1168, Standard Deviation
197). X axis represents number of labelled cells (grouped at(loss of fibula in Fig. 4K) as well as loss of posterior digits
(loss of digit 4 in Fig. 4K, compare to control embryo in Fig.
s of reproduction in any form reserved.
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386 Makarenkova and Patel4J). This class of abnormality was found in embryos that
had split limb buds.
Antisense Cx43 ODN application to limb buds at stages
HH 17–22, when the AER is already formed, did not lead to
such reproducible and dramatic phenotypes, although some
treated limb buds were occasionally shorter than normal
limb buds (results not shown).
Molecular Analysis of Antisense Treated Embryos
A number of molecular markers exist with which we
could examine the antisense Cx43 ODN treated embryos to
determine the mechanism that leads to truncation, nicking,
or splitting of the limb bud. We examined the expression
pattern of Fgf-4, Fgf-8, Shh, bone morphogenetic protein
Bmp-2), and Lmx-1 in antisense treated and control em-
FIG. 4. Antisense Cx43 ODN (Oligo 1) application to prospective
applied to the prospective limb bud region at HH stage 10–16 and
(stages 17–26) or left for 7–8 days for Alcian blue staining. (A) First in
and the limb bud is slightly divided (arrowhead). (B) Example of wing
indicated by arrowheads (C, leg; D, wing and leg). Example of split l
(F.1) Embryo with wing split into almost equal sized branches (arro
of split wing from the ventral side of embryo. Split extends to the b
Alcian blue to reveal limb skeleton. (H) 7-day embryo treated wit
complete autopod (arrowhead). (J) Control side of day 8 embryo sta
arrow. (K) 8-day embryo treated with antisense Cx43 ODN shows
fibula and digit 4. Scale bar, 1 mm.ryos.
Transcripts of Fgf-4 in the normal limb bud appear in the
l
w
Copyright © 1999 by Academic Press. All rightER from stage 18 HH and are localised to the posterior
argin. In most truncated limb buds Fgf-4 was not detected
nd when present was at extremely low levels (Figs. 5A and
B). Nicked limb buds displayed an interrupted pattern of
gf-4 expression (Figs. 5C and 5D). In some split limb buds
gf-4 transcripts were not detected (Fig. 5E). However, in
ther samples Fgf-4 expression was confined to the AER of
osterior branches, with no expression in anterior branches
f the limb bud. In other cases faint expression of Fgf-4 was
etected in more than one branch of a split limb bud or in
he anterior branch of split limb bud (Fig. 5F).
Fgf-8 expression was used as a marker indicating the
ntegrity of the AER since, unlike Fgf-4 which is posteriorly
estricted, Fgf-8 expression extends almost throughout its
ntire length. In the majority of truncated limb buds Fgf-8
as not detected and when present was at extremely low
bud region alters limb bud morphology. Antisense Cx43 ODN was
ryos were allowed to develop until limb bud and ridge formation
tion of antisense CX43 ODN action; the limb bud appears flattened
cation (arrowhead) at stage 22. (C, D) Example of nicked limb buds,
buds, (E) leg split into a large (arrowhead) and small (arrow) branch.
ad); each branch also exhibited lesions in the AER. (F.2) The view
wall (asterisk). (G) Control embryo at day 7; embryos stained with
isense Cx43 ODN shows truncation in autopod (arrow) or loss of
with Alcian blue with digits identified and fibula indicated with
ht decrease in the length of almost all elements as well as loss oflimb
emb
dica
trun
imb
whe
ody
h ant
inedevels. In both nicked and split limb buds Fgf-8 expression
as discontinuous (Figs. 5G and 5H). Therefore in both
s of reproduction in any form reserved.
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387Gap Junction Signalling and Connexin-43FIG. 5. Molecular analysis of limb phenotype induced with antisense Cx43 ODN (Oligo 1). (A–M) Antisense Cx43 ODN was applied to
he prospective limb bud region at HH stage 10–16 and embryos were allowed to develop until stages 22–26. (A–F) Embryos examined for
gf-4 (AER) and Shh expression (polarising region). (A–C) Examples of truncations. (A) Neither Fgf-4 (arrowhead) or Shh (arrow) was
detectable on operated side (right side from dorsal). (B) Truncation in which Shh was detectable (arrow) without expression of Fgf-4. (C)
Limited truncation, Shh expression (arrow) discontinuous to Fgf-4 expression (arrowhead). (D, E) Nicked limb buds examined for Shh and
Fgf-4 expression. (D) Fgf-4 expression (arrowhead) discontinuous to Shh expression (arrow). (E) Strong Shh expression only in posterior lobe
(arrow) but no Fgf-4 expression (arrowhead). (F) Split limb bud showing expression of Shh confined to posterior lobe (arrow) but with faint
Fgf-4 expression in the anterior lobe (arrowhead). (G) Fgf-8 expression in nicked limb showing expression in both anterior and posterior
lobes. (H) Fgf-8 expression in split limb showing discontinuous expression (arrowhead) in two of the three lobes. (J) Bmp-2 expression in
nicked limb confined to posterior mesenchyme (arrow). Asterisk indicates affected nicked region. (K) Bmp-2 expression in nicked limb
showing discontinuous ridge expression (arrowhead) but mesenchymal expression confined to posterior region (arrow). Dorsoventral
polarity was not altered in affected embryos as determined by Lmx-1 expression being confined to dorsal mesenchyme in both nicked
samples (arrows L) and split buds (arrows M). Lesions in prospective limb ectoderm result in distinct molecular profiles compared to
molecular phenotype induced with antisense Cx43 ODN. (N–P) Ectoderm cut at stages 16–17 and examined at stages 24–25 for Fgf-8 and
Shh expression. (N) Discontinuous expression of Fgf-8 in the AER (arrowhead). Strong Shh expression indicated with arrow. (O)iscontinuous expression of Fgf-8 in the ridge (arrowhead). Shh expression indicated by arrow. (P) Discontinuous Fgf-8 expression
arrowheads) does not extend into the nicked region. Strong Shh expression present in posterior mesenchyme. Scale bar, 1 mm.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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388 Makarenkova and Patelnicked and split limbs a fragmented AER was present in
anterior parts of the limb.
We used the expression of Shh to determine whether the
limb phenotype has arisen as a consequence of limb dupli-
cation or fragmentation of normal structures. Shh gene
xpression is normally restricted to the posterior margin of
he limb bud and is associated with polarising activity. In
runcated limb buds Shh expression was either absent or
reatly reduced (Figs. 5A and 5B). In both nicked and split
imb buds anterior fragments never expressed Shh (Figs. 5E
nd 5F). In these cases the expression in the posterior region
as lower than in normal limb buds and correlated with the
bservation that partly truncated, nicked, and split seg-
ented limb buds were always more developmentally de-
ayed than the normal untreated wing or leg buds.
We determined the expression of Bmp-2 since this gene is
ownstream of Shh and its expression has been shown to be
ble to maintain the expression of Fgf-4 in the AER and
nterior application of BMP-2 can lead to partial duplication
Duprez et al., 1996).
In normal chick limb buds Bmp-2 transcripts are lo-
alised to the posterior mesenchyme and AER (Figs. 5J and
K). In severely truncated limbs expression of Bmp-2 was
reatly reduced compared to untreated limb buds. In both
icked and split limb buds expression of Bmp-2 in the AER
as discontinuous but present in the AER of the anterior
imb bud fragments. In nicked limb buds expression of
mp-2 was detected in the anterior fragment of the AER
ven though this domain of expression was separated from
he region of posterior mesenchymal expression (Fig. 5K). In
plit limb buds expression of Bmp-2 in the mesenchyme
as restricted to the posterior margin of limb bud (data not
hown). We never observed mesenchymal Bmp-2 expres-
ion in the anterior part of the split limb bud mesenchyme.
f one of the split limb bud branches was truncated at early
tages of development, the remaining narrow branch
howed a “normal” pattern of Bmp expression (data not
hown).
Dorsoventral Patterning and Lmx-1 Expression
Finally we examined the expression of Lmx-1 in order to
assess the dorsal–ventral polarity of the nicked and seg-
mented limb buds. Lmx-1 is downstream of Wnt-7a and is
normally expressed in the dorsal limb mesenchyme. In both
nicked and split limb buds, the expression of Lmx-1 was
confined to the dorsal mesenchyme, which suggested that
antisense Cx43 ODN treatment did not affect D-V polarity
(Figs. 5L and 5M).
Ectodermal Lesions
Gap-junction communications have been implicated in
the formation of cadherin-based adhesion processes (Meyer
et al., 1992; Paul et al., 1995). Therefore the limb phenotype
ollowing antisense Cx43 ODN treatment could be due to
he loss of integrity within the AER.
Copyright © 1999 by Academic Press. All rightTo test this hypothesis directly, we introduced one, two,
r three cuts in the lateral aspect of the wing region in stage
6–17 embryos. The cuts were made in the AER and
djacent mesenchyme and the embryos were allowed to
evelop for fixed periods of time. Following reincubation for
nly 24 h the limbs appeared to have more than one lobe.
e examined all (n 5 20) of these embryos with Fgf-8 and
Shh simultaneously to determine the status of the AER and
ZPA. The localisation of Shh expression was unaffected,
always being expressed in the posterior part of the limb bud
and never in the anterior part (Figs. 5N and 5P). However,
unlike the down-regulation of Shh expression following
antisense Cx43 ODN treatment, Shh expression was main-
tained at normal levels in operated limbs (Figs. 5N and
5P).The expression of Fgf-8 was in some cases discontinu-
ous (Figs. 5N and 5P) and in others did not extend as far
anteriorly as unmanipulated limbs (Fig. 5O). The expression
of Fgf-8 in these manipulated limbs differed from the
expression of Fgf-8 upon antisense Cx43 ODN treatment.
Physical disruption of the AER showed long regions of
anterior AER that expressed Fgf-8 (Figs. 5N and 5O). Expres-
sion of ridge markers in antisense Cx43 ODN treated limbs
in contrast appeared as focal points (Figs. 5C, 5F, 5G, and
5H). Therefore although physical disruption of AER re-
sulted in an early limb phenotype very similar to that
following antisense Cx43 ODN treatment, the expression
of both Shh and Fgf-8 in cut limbs differed from the
expression of these genes in antisense Cx43 ODN treated
embryos.
Controls
Antisense chick (720–749) Cx43 ODN (oligo 3) was the
most effective oligo and gave a defective phenotype (trun-
cation, nicking, or splitting) in 40% of cases (150 cases from
375 procedures). Treatment with antisense chick (954–983)
Cx43 ODN (oligo 1) gave identical limb phenotypes in 35%
of embryos. An antisense ODN with four mismatches gave
limb bud defects in 25% of embryos (total of approximately
200 procedures). A few cases showed twisting of the limbs.
Sense, random control, or Pluronic gel application never
induced limb phenotypes like those found after antisense
Cx43 ODN application. The limb phenotype of sense,
random control, or Pluronic gel treated embryos manifested
as a twisting of the limb rather than a normal flat out-
growth. Random control oligos gave twisting limb pheno-
type in 16% (total of approximately 200 procedures). Sense
oligos gave only about 10% of limb bud defects (total of
approximately 200 procedures). Pluronic gel application
alone gave an twisting limb phenotype with defects up to
10% of cases (total of approximately 100 procedures).
DISCUSSIONLimb bud outgrowth and patterning are achieved through
an integration of many signalling processes. The dorsal
s of reproduction in any form reserved.
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389Gap Junction Signalling and Connexin-43ectoderm, the posterior limb bud mesenchyme, and the
AER coordinate normal limb bud development. Although
many of the key signalling molecules have been identified,
how these signalling cascades are elaborated remains
largely a mystery. We have investigated the possible role of
gap junction communication in the process of limb devel-
opment based on the observation that the temporal and
spatial expression of one member of this family of proteins,
Cx43, is closely associated with the development of the
AER.
In this paper we have used a novel approach to determine
the role of Cx43 during limb development. Using antisense
ODNs we have been able to look at the role of Cx43 at
specific stages of chick development.
We have been able to show that the expression of Cx43 is
greatly increased in the ectoderm as the AER forms. This
up-regulation is specific for this member of the connexin
family since Cx32, a closely related protein, is down-
regulated in the ectoderm as it develops AER characteristics
and another member of the Connexin family of proteins,
Cx26, is not expressed in the AER at all (data not shown).
Cx32 is, however, expressed in the mesenchyme (Makaren-
kova et al., 1997) and is a particularly useful marker when
determining the role of Cx43 during limb development. We
have been able to show by immunocytochemistry and
Western blotting that the application of antisense Cx43
ODNs reduced the amount of Cx43 in the limb buds and
other tissues compared to the application of sense Cx43
ODNs, random control ODNs, or the application of Plu-
ronic gel alone. The specificity of the antisense Cx43 ODN
was determined by looking at the expression of Cx32 and
we found that the expression of the latter protein was not
affected. In the ectoderm of antisense Cx43 ODN treated
limbs we did not see any compensatory rise in Cx32
expression. Therefore this approach allowed us to down-
regulate levels of Cx43 without any apparent compensation
by other closely related proteins, a problem encountered
using gene targeting approaches (De-Sousa et al., 1997). At
present there is much debate as to why antisense tech-
niques seem to induce less gene compensation and thereby
induce a phenotype compared to gene targeting approaches
where gene compensation is often responsible for the lack
of a phenotype. One possible explanation may by the acute
nature of antisense action whereby the phenotype is in-
duced before the organism has had a chance to launch a
compensatory mechanism. Germ-line targeting would al-
low the organism to gradually assess (during early develop-
ment) its complement of genes and them compensate
where necessary (Dr. J Cooke, personal communication).
This suggests that temporal inducible targeting methods
(due to abrupt action) should also be able to overcome gene
compensation.
Application of antisense Cx43 ODNs prior to both AER
formation and up-regulation of Cx43 in this tissue had a
dramatic effect on limb development. Forty percent of
treated embryos displayed limb truncation, nicking of the
limb bud that produced more than one lobe, or limb
t
c
Copyright © 1999 by Academic Press. All rightplitting when an extra projection(s) was found emanating
rom the body wall. When treated embryos were allowed to
evelop to determine the state of cartilaginous elements,
e found that they could be grouped into embryos that
isplayed truncation of distal elements or those that lacked
osterior structures as well as some degree of truncation.
e were unable to study embryos at stages optimal for
artilaginous assessment (day 10) since most of the treated
mbryos died prior to this age. A possible cause of death
ould be due to the loss of Cx43 in the neural tissues after
nti-Cx43 ODN application. Application of Pluronic gel
tself did induce abnormal limb morphology in 10% of
amples but these limbs appeared twisted rather than being
ragmented or split. Twisting was also seen in antisense
reated embryos but at lower frequency (.3%). These
esults suggest that the physical application of a gel layer
ver the limb-forming region can hinder normal limb mor-
hology but does not result in truncations.
Using molecular markers we determined that the extra
obes seen in nicked limb buds and the extra fragments in
plit limbs were not a result of establishment of new
ignalling centres as found after the application of FGF to
he flank (Cohn et al., 1995). We found Shh only in the
osterior-most mesenchyme in both nicked and split limbs.
e investigated the expression of Bmp-2 since this gene is
downstream of Shh and the protein has some properties
associated with the ZPA (induces partial duplication and
maintains expression of Fgf-4 in the AER) (Duprez et al.,
1996). We found no ectopic expression of Bmp-2 in anterior
structures, which eliminates the possibility that this factor
causes the extra lobes and extra fragments. However, ex-
amination of markers for the AER showed a number of
abnormalities. In severely truncated specimens we were
unable to detect the expression of either Fgf-4 or Fgf-8. In
both nicked and split limbs the expression of these genes
was discontinuous (Mahmood et al., 1995). This observa-
tion might explain the cartilage phenotype seen after anti-
sense Cx43 ODN treatment. Down-regulation of Fgf-4 and
Fgf-8 could be comparable to AER removal and results in
distal truncation. Since the truncations such as those seen
in the wing in Fig. 4H are only in the autopod, this would be
equivalent to AER removal after stage 21 (Summerbell,
1974). In embryos with associated loss of posterior struc-
tures this is reminiscent of posterior mesenchyme excision.
We suggest in these cases that in addition to lowering the
levels of Fgf-4 and Fgf-8 in the AER, the levels of these
proteins drop below that required to maintain the ZPA.
This could happen after patterning of anterior structures
and that would lead to the elimination of only posterior
structures. Although the expression of many patterning
genes is thought to revolve around the Shh-FGF positive
feedback loop, it is intriguing that we see the expression of
Bmps and Fgfs in anterior “fragments” for 24–48 h after
being separated from Shh expression. It could be that the
econdary signals induced by SHH prior to the fragmenta-
ion of limb bud could also set up partial feedback loops and
ould maintain their own expression, which permits limb
s of reproduction in any form reserved.
t390 Makarenkova and Pateldevelopment. We suggest that in these cases, since the
expression of the secondary signals is not underpinned by
SHH, the expression of these molecules is eventually down-
regulated.
From recent data on the Japanese Wingless mutant (Jwg),
Ohuchi et al. (1997) suggest that the loss of D–V polarity in
his mutant was a consequence of the loss of Fgf-8 expres-
sion in the ridge. Our work also suggests that the loss of an
AER does not alter the dorsal–ventral polarity of the limb
bud since we see dorsal restriction in the expression of
Lmx-1 in split and nicked limb buds which show down-
regulation of Fgf-8 expression in the AER.
The Role of Cx43 in Limb Development and
Mechanism of Limb Bud Fragmentation
Cx43 mediated signalling could simply maintain AER
integrity. Evidence for this hypothesis comes from studies
designed to determine the role of connexins during embryo-
logical development of the mouse. Becker et al. (1995) have
shown that interfering with Cx43 function in the 8-cell
mouse embryo induced noncommunicating cells to with-
draw from compaction. It is possible that in the limb,
antisense Cx43 ODN treatment has led to ridge cells no
longer being able to communicate with their neighbours,
which leads to the fragmentation of the ridge. There is
evidence that gap-junction communication leads to the
formation of cadherin-based adhesion processes (Meyer et
al., 1992; Paul et al., 1995). In this scenario the gap
junctions may be required to maintain the mechanical
integrity of the AER. However, there is evidence that the
maintenance of AER integrity is not of great importance
during limb development. McCullagh and Wilson (1993)
have essentially carried out ridge wounding experiments
similar to that described in this paper but looked at the
morphological outcome as opposed to our molecular inves-
tigation. They found that wounded AER failed to redevelop
but the lesion was very rapidly covered with normal epi-
thelial cells. Cartilage staining showed that wounded AER
limbs had developed essentially normal morphology with
no signs of truncations or deletions. Our molecular studies
show that wounding does not result in a decrease in Shh
expression and the ridge marker Fgf-8 was maintained in
long stretches of the unwounded AER. The site of the
wound which becomes populated with normal epithelial
cells does not express Fgf-8. We suggest that wounding of
the AER by surgical means does not disrupt the feedback
loop between the AER and the ZPA.
The expression pattern of Cx43 in the limb ectoderm
suggests that it plays a role in the formation and main-
tenance of the AER. We have previously shown that
FGF-4, which is able to maintain limb outgrowth in the
absence of an AER (Niswander et al. 1993), was able to
up-regulate the expression of Cx43 (Makarenkova et al.
1997). In this study we show that down-regulation of
Cx43 leads to loss of both Fgf-4 and Fgf-8. Taken together
these data suggest the existence of a positive feedback
Copyright © 1999 by Academic Press. All rightloop between the FGFs and signalling mediated by Cx43.
This relationship suggests a possible mechanism to ex-
plain the limb phenotype following antisense Cx43 ODN
treatment. We suggest that in truncated samples, loss of
Cx43 function along the entire ridge leads to the down-
regulation of Fgfs and so is equivalent to ridge removal
(Summerbell, 1974). However, when antisense Cx43
ODN treatment leads to nonuniform interference of
Cx43 expression, we suggest that down-regulation of the
Fgfs occurs locally. This would result in certain regions
growing out relatively normally but adjacent to regions
unable to maintain outgrowth. If this occurs early during
limb outgrowth, the result would be the formation of
split limbs but if outgrowth was well under way, then the
effect would be limited and resemble the nicked limb
buds. Interestingly, the split limb bud phenotype dis-
played after antisense Cx43 ODN treatment resembles
the phenotype often induced after the overexpression of
Radical fringe (R-fng), a gene postulated to determine the
position of the AER (Rodriguez-Esteban et al., 1997;
Laufer et al., 1997). Localised overexpression of R-fng on
either side of the dorsal–ventral compartment eliminated
R-fng boundaries, which prevented the formation of a
continuous AER and resulted in either limb truncations
or split limb buds. Since the phenotypes of both overex-
pression of R-fng and antisense Cx43 ODN treatment
were in many cases similar, these results suggest that
AER signalling must be maintained not only as the
structure is forming but must then be preserved. We
suggest that the feedback loop between the AER and the
ZPA is disrupted by antisense Cx43 ODN treatment by
down-regulating Fgf expression.
In conclusion we show that Cx43 plays an important role
during limb development. Antisense Cx43 ODN treatment
leads to a down-regulation of Cx43 expression but impor-
tantly did not interfere with the levels of a closely related
protein, Cx32. A consequence of this treatment was the
development of abnormal limb morphology. Outgrowth
was truncated, split, or fragmented. We suggest that there is
a feedback loop between FGFs and Cx43 mediated signal-
ling. Loss of Cx43 leads to down-regulation of Fgfs, which
in turn leads to down-regulation of Shh expression. We note
that Cx43 is also expressed in the facial primordia and this
region is very similar to the limb in developmental terms.
Therefore it would be interesting to look at the role of Cx43
in this region to determine whether it has a function similar
to that proposed here for the limb.
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